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ABSTRACT

Steady-state acoustic streaming flow patterns have been observed during the operation of a

variety c)f resonant single-axis ultrasonic levitators in a gaseous environment and in the 18

to 37 kl IZ frequency range. light sheet illumination and scattering from smoke particles

have revealed primary streaming flows which display different characteristics at low and

high sound pressure levels. Secondary macroscopic streaming cells around levitated

samples are superimposed on t}~e primary streaming flow pattern generated by the standing

wave. These recorded flows are quite reproducible, and are qualitatively the same for a

variety of levitator physical geometries. An onset of flow instability can also be recorded in

non-isothernml  systems such as levitated spot-heated samples when the resonance

conditions are not exactly satisfied. A preliminary qualitative interpretation of these

experimental results is presented in terms of the superposition of three discrete set of

circulation cells operating on different spatial scales. These relevant length scales are the

acoustic wavelength, the levitated sample size, and finally the acoustic boundary layer

thickness. “l’his approach fails, however, to explain the streaming flow field morphology

around liquid drops levitated on Harth. Observation of the interaction between the flows

cells and the levitated samples also suggests the existence of a steady-state torque induced

by the streaming flows.
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Acoustic streaming in high intensity standing waves has been extensively investigated, both

theoretically and experimentally, Although it is fair to say that a good understanding of the

basic nonlinear mechanism at the origin of the generation of the steady-state flows has been

obtained I‘5 , the specific  configuration of the flow fields around an ultrasonically levitated

sample in a gas has not yet been examined experimentally. In addition, the impact of the

streaming flows on the sample mec}]anica]  stability as well as on heat and mass transfer

jmeesses is just beginning to be documented and assessed6~T,  In this paper we present

what we believe are the first results of experimental studies dealing with the visualization of

the macroscopic streaming flow fields induced in an axisymmetric  standing wave inside a

closed volume. The closed volume is used strictly for the purpose of duplicating real

experimental systems and for flow visualization, and it is not a resonant cavity. g-he

standing wave of interest is generated by an ultrasonic driver and a coaxial reflector

positioned to induce resonance along the common axial direction, A monotonic radial

dependence of the sound field is introduced by both the. curvature of the reflector and by the

natural divergence of the radiated ultrasonic beam. “i’he more interesting streaming flows

are those around a levitata-1  sample in both isothermal and non-isothermal conditions,

although certain characteristics of streaming in an empty chamber have been found to be

puzzling and remain unexplained.

The purpose of this communication is to document experimental observations of those

specific streaming ftows that control the heat transfer mechanism and that could affect the

dynamics of solid and liquid samples suspended by a single axis ultrasonic levitator. This

is a preliminary investigation which is designed to provide a mostly qualitative assessment

of the streaming fields configuration in order to elicit further interest in more detailed and

quantitative specific measurements. ‘Ihe emphasis will be placed on add experimental
sysfmLf  for studies in fluid dynamics and materials science using samples levitated in a

gmeous  host rncdium.  The importance of considering actual experimental systems arises

from the interaction between the streaming flows induced by the container walls and those

caused by the levitated sample itself, I’his interaction leads to drastically different field

configumtions  depending upon the relative magnitude of these two different streaming

fields.

Acoustic levitation has been put to practical use in reeent years to study the behavior of free

three dimensional liquid surfaces in the form of drops and liquid shells on Earth 8-]0 as
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well as in the reduced gravity environment of low Mrth  orbit where a series of successful

experiments has been rwently  carried out by investigators from Vanderbilt and Yale

universities. ‘Me results have recently been submitted for publication, and they will

presently appear in the open literature. The experimental results to be described below are

relevant to space experiments when the sound pressure level is kept in the lower range.

The use of levitated samples to access the metastable  undercooked liquid phase has also

been successfully demonstrated together with the it]~~jle.~~~el~tation of remote non-contact

physical properties measurement methods 11 ~]2. The assessment of the influence of the

environment on the dynamics and the transport and phase change processes regarding the

levitated sample requires the understanding of the chat-ticteristics  of the induced overall

streaming flow fields.

A brief description of the experimental apparatus and of the method is first presented. The

results of flow visualization at 37 and 20 kl IZ are first described for an empty chamber,

then with a single levitatcxl,  and finally with two levitated samples. Qualitative studies of

streaming flows around a heated cylinder are also reported. Preliminary results of Laser

Doppler velociimetry measurement of the one-dimensional streaming velocity in an empty

chamber at 37 kHz. are also presented together with some empirical observation o’f torque

generation on a levitatwt  sample through symmetry breaking. Finally, a qualitative

interpretation of the experimental evidence is pre,sentcd  based on available theories

involving boundary layer streaming around a sphere.

I. TIIIC 13 XI)IH{IMENTAI,  AI} PROACI1

A. The apparatus

The more common applications of acoustic levitation have arisen in ground-based

laboratories where rnillimeter-siz~  samples have been suspended with sound at ultrasonic

frequencies in either liquid or gaseous host fluids. In a gaseous host medium, typical sound
pressure levels (SPI.S) are in the 150 to 170 dB range (re. 0.0002 pBar), and the frequency

range is roughl  y between 15 and 50 kl Iz. In this particular paper, we shall restrict

ourselves to experiments at roughly 20, 2,5, and 37 k} IZ in a gas host. I’he basic acoustic

configuration of interest is that of the well-known 13-] 8, nearly one-dimensional “single

axis” system where the primary levitation is provided by the radiation pressure arising from
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a vertically oriented standing wave, and the centering action arises due to the natural sound

beam divergence of the ultrasonic driver as well as chrc to the curvature of the opposed

reflector.

For levitated samples having radii on the order of 1 mm, the product of the wave number

and the radius ka = 27cafL  = oM/c is equal to 0.7 at 3-J kIlz  and to 0.37 at 20 kHz, k is the

acoustic wavelength, @is the acoustic angular frequency, and c is the sound speed in the

host fluid. Accustic pressure will be expressed in this paper in terms of sound pressure

level in units of decibels (dB), a logarithmic relative measure with a defined reference

pressure prcr = 0.0002 pBar. “1’he sound pressure level is thus: SPL = 20 Iog10 p/prCf,

where p is the measured rms acoustic pressure.

Figure 1 is a schematic description of the type of apparatus we have been using in our flow

visualization studies. The principal components of the apparatus are the ultrasonic prc-

stresscd transducer-reflector combination and the sheet illumination. Three different

radiating tip shapes have been used, and they rmge  from a circular 12.7 cm aluminum plate

at 20.2 kl Iz, a 4.45 cm diameter steel plate at 25 kHz, to a 1.9 cm diameter straight

cylindrical shape at 37 kHz. The vertical ultrasonic standing wave is generated between the

transducer radiating face and the opposed reflector which presents a concave axially

symmetric curved surface to the incoming wave (the radius of curvature is selected between

3.81 and 7.62 (cm depending cm the acoustic frequency). The curvature of the reflector

produces a radially varying sound pressure distribution which in turn generates a radial

restoring radiation pressure force to center the levitated sample close to the central axis. The

levitation volume is enclosed by a transparent squale  or circular cross section chamber. The

tracer particles have been generated by burning cotton ropes or incense sticks, and range in
size between Cl. 1 and 10 pJn. The scattered light from a 5 n~W unpolarized 1 le-Ne beam

expanded into a sheet by a long focal length cylindrical lens is obserwd  at an angle between

90 and 1200 from the incoming beam direction in the forward scattering region through a

microscqc  lens at t ached to a video camera.

l:igurc  2 is a representative plot of the axial and radial acoustic pressure variations as

measured by a. probe microphone. in the axial case (Figure 2a), the acoustic pressure was

measured along the vertical axis of symmetry and passing through two pressure nodes in

the standing wave. For levitation of a solid or liquid sample in a gas environment and in the

Barth gravitational field, the equilibrium levitation position is at the pressure nodal planes or

below. This distance below the pressure nodal plane  is determined by the sound pressure
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and the sample density. Very low density materials such as Styrofoam samples and liquid

shells am levitated very close to the pressure nodal plane. In the. radial plot (figure 2b), the

lateral sound pressure distribution was measured very close to an axial pressure nodal

plane. One shcluld keep in mind that the pressure nodal plane corresponds to the acoustic

velocity antinodal  plane where the acoustic velocity amplitude is maximized. Note also that

the radial pressure variation with a minimum at the central axis is much men-e moderate than

the pressure variation along the vertical direction. This is reflected in a weaker, but still

effective radial centering force.

11. The experimental procedure

All measurements were carried out at the ambient temperature of 23 C.

‘1’he vertical resonance of the levitation cell is located through a microphone placed  flush

with the reflecting surface at the axis of symmetry when no sample is levitattxl. Tuning to

resonance conditions simply requires maximization of the microphone signal. When a

sample is already levitated in the field, an alternate approach to tune the frcquenc~ of the

standing wave is to optimize the levitation condition for a given transducer voltage input by

maximizing the elevation of the levitated sample. The two methods yield sligbtl y different

resonance frequencies for the standing wave due to acoustic scattering from the sample ] 9.

The streaming flow field caused by the driver, reflector, and the walls of the enclosure (we

ctill  it the primary streaming field) is first studied in order to establish the background flow.

The sample is subsequent y introduced and levitated. The new flow field configuration is a

resultant of the combination of the primary streaming flow and of the circulation induced by

the presence of the sample in the standing wave (we call this circulation the secondary

streaming flow field). The changes in the visualized flow flclds are then observed as other

parameters such as the sound amplitude, the reflector-driver relative alignment, the

frequency of the drive, and the size of the sample are varied. “l’he primary streaming flow

field arising from the enclosure is generally not considered in theoretical analyses, although

its presence is unavoidable in experimental studies. In the case of a heated satnple, natural

convection must also be taken into account, and the upwardly directed flow of hotter gas

will be superposed upon the acoustic streaming flow field.
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A simple Laser Doppler Velocimeter  (LDV) apparat us designed to measure a single

component of velocity, has been used to obtain preliminary values for the streaming

velocity in an empty chamber with a standing wave at 37 kl h, and at relativel  y moderate

sound pressure (145 dB). The beam from a 15 mW He-Ne laser was split and then

recombined at a detem~ined position in the streaming flow field where the velocity vector

was ascertained to be one dimensional and directti vertically. The Doppler frequency was

measured by a spectrum analymr, and the orientation of the measuring laser beams was

adjusted to maximize the detected scattered light signal. The same type of smoke used for

flow visualization was applied to these LDV measurements. The whole levitator was also

translated laterally with respect to the laser beam in order to probe the radial dependence of

the streaming velocity. The region of the flow fieId probed is typically represented by the

right lobe of the streaming pattern shown in figure 4a. The 1.DV was calibrated using a well

controlled one dimensional liquid flow where the fluid velocity was rneasurcxl  through

independent means.

11. EXPERIMENTAL RESULTS

A. Empty chamber

The flow patterns induced by the reflector, driver, and walls of the enclosure were first

investigated in the absence of a sample. At first sight, this would appear to be equivalent to

the streaming patterns induced in a resonant chamber ( as depicted by Andrade in reference

3), except for la more complicated geometry due to the ultrasonic driver-reflector

combination responsible for setting up the standing wave. The results, however, are quite

different.

Streaming at 37 kHz was investigated in a levitator shown on the photograph in figure 3.

The cylindrically shaped radiating tip (1 .9cm in diameter) is shown facing a 3.175 cm O.D.

reflector with a concave face directed towards the levitated liquid sample (radius of

curvature is 3.55 cm). The driver-reflector separatism is 1.34 cm, or 1.5 Z (where I is the

acoustic wavelength in air at 37 k] lz). The levitated drop of 2mm in diameter is deforrnwl

into an oblate  spherical shape due to the high acoustic stresses required for levitation in 1 G

(G being the Eart}) gravitational acceleration). Surrounding this levitation region, and not

shown in the ]picture,  is a square cross-section Lucite enclosure (6,35 x 6,35 x 3.81 cm)



used to slow the smoke dissipation. This enclosure does not significantly influence the

primary acoustic field between the driver and reflector at the temperature these experiments

were conducted.

Figure 4 shows a photograph of the streamlines of the resulting convective flow at 37 k}]z

in the absence of a levitated sample and at 145 (figure 4a), 155 (4 b), 158 (4c), 165 dIl

(4d). The arrows in figure 4b indicate only t}~e  direction of the flow, the arrow length does

not carry any velocity information, I’he direction .of the flow is downward from the

reflector to the driver along the centml axis, with a leturning upward flow on the outer edge

of the cells. The direction of this flow is important because it will be superposed upon the

streaming convective cells induced when a sample is levitated. The flow is quasi-

axisymmetric  iibout  the driver-reflector central axis, and the shape of the flow field is

therefore rouglhl y toroidal.  At the higher sound pressures shown in figure 4d, the

streaming velocity increases, the streamlines become distorted, and the symmetrical

character of the flow field degrades. At the highest SPI. additional cxtdies  also appear at the

velocity antinodal  positions along the axis of symmetry. Although these eddies are unstable

and periodical] y shed and reform, making them difficult to visualize, their presence is

unmisrdkable  with careful observation and tuning of the standing wave. I’his qualitative

change in the morphology of the flow is gradual, building up near the ultrasonic driver

where the first set of counter-rotat ing eddies appear.

At 158 d}] the acoustic particle velocity (Um) is 3.9 m.lsec and the amplitude (A) is about

100 pm. At 37 MIz the Stokes viscous layer thickness ( 5 = ( 2v/m)OCs)  is about 11 pm

thick (v is the kinematic viscosity of air and co is the acoustic  angular frequency). For a

sample radius a:= 1 mm, the ratio of the acoustic particle displacement over the sample radius

E = A/a:= 0.1, the ratio of the sample radius over the boundary layer thickness M = tdb =

91, and the length scale ratio CM = A/&= 9.1. Following Gopinath  and MillsG, one can

define a “Strean~ing Reynolds number” as RS = c.lJ.C a/V= C2M2 = A2 / &-. In this

particular case, at 145 dB and 37 kllz,Rs=’4,7, at 155 dB Rs = 46, at 158 dB Rs = 83,

and at 165 dB RS == 460.

Figure 5 is a reproduction of photographs of streaming flow fields at the two different

sound pressure levels of 147 and 154 dB (figure 5a and 5b) and for a 25 kllz levitator

characteriixxt  by a wider radiating surface (4.45 cm diameter). The enclosure is also larger

and cylindrical in shape (7.62 cm diameter and 5.1 cm high). The driver-reflector

separation of shout 1.5 wavelengths or 1,99 cm also allows for the levitation of three



separate samples. In this case the flow direction is verficalfy  upward along the central axis,

and downward along the outer edge of the ccmvection cell, i.e. directly opposite to the

particular case of the 37 kllz levitator described previously. The direction of the flow is as

indicated by the arrows in tlgure  5a, and it also applies to figure 5b. An additional vortex

pair appears, however, by slightly detuning  from resonance condition (changing the drive

frequency of the ultrasonic transducer). This is shown in figure SC where the velocity is

now downwarid along the central symmetry axis.

This situation is reminiscent of a free acoustic beam traveling down a channel with closed

or partially closed end. This case was treated by Nyborgl for slip as well as no-slip

boundary conclitions. According to those predictions, the direction of the flow along the

central axis of the channel is away from the sound source for slip boundary conditions and

towards the sound source for no-slip conditions. l~or our experimental conditions,

however, the boundary conditions have not changed in such a qualitative manner, Rather,

the rddius of curvature of the reflector has been found to be the determining factor for the

direction of flow: at 37 kHz a reflector with a radius of curvature of 3.55 cm causes the

streaming flow to be directed towards the driver (downward) along the central axis, while a

reflector with the same outer diameter but with a radius of curvat ure of 7.62 cm will cause a

streaming flow in the reverse direction. “J”he circulation direction is also very sensitive to

small changes in the acoustic parameters. “l’his  is demonstrated by the insertion of an

additional vortex pair upon slight modification of the tuning conditions (figure SC).

At relatively low sound pressure (S}>l. less than 155 dB, Rs < 46) onl y a single cell is

detected in the veriical  direction between the driver and the reflector, although three acoustic

half-wavelengths span the same separation. The number of cells in the lateral direction

depends on the accmstic  pressure level which controls the magnitude of the streaming

velocity. The higher the streaming velocity, the wider the two central convection cells

become, crowding out the neighboring cells between the enclosure walls and the inner

cells. At the S.PI. of about 154 dB, the central cells will spread out to cover the entire cross

section of the enclosed volume. Thus, the point at which the flows reverse depends on the

sound pressure level. At the higher souncl pressures (SP1.>155 d13), however, the counte.r-

rotating eddies appear at each of the velocity antinodal position within the primary cell. The

flow field also takes on a more turbulent character with periodic large scale oscillations

having a frequ~ency  dependent on the acoustic tuning conditions.
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The streakiness shown in the flow visualization photographs is due to inter-particle

attraction. This was also observed by Andrade,  and it fortuitously helps to visualize. the

flow patterns a~t relatively low sound pressure levels. At higher SPL, however, the flow is

of higher velocity and becomes turbulent. The distribution of the particles becomes more

uniform as the hydrodynamic force dominates the inter-particle attraction.

The radial distribution of the “streaming velocity” was measurul  for the flow field shown

in figure 4a (S.PL=145 dB, Rs = 5) using a basic single velocity component LIIV. Figure 6

shows the results of the measurement with the observed streaming velocity plotted as a

function of position at a plane midway bet we.en the driver and reflector corresponding to

the nodes of the cells. A maximum velocity of 3.2 cntis is found along the central axis, and

a third order polynomial tit (continuous line) predicts a reversal of the flow at about 7 mm

from t}]e center, in agreement with the flow visualization evidence. The experimental

uncertainty under these conditions is estimated to be less than 0.5 cnis.

1!. Streaming around levitated samples in isothermal conditions

Figures 7,8 and 9 reproduce photographs of video images of the streaming flow fields

around various levitated samples at 37 kHz. The laser sheet is positioned in order to

intersect the sample at its largest cross section, i.e. it slices the sample right at the middle

section. A 2 mm diameter Styrofoam ball is shown suspended in the primary streaming

field in figure ‘7. A pair of vortices attached to the upper part of the sample can be faintly

seen in this low magnification picture. Figures 8a, 8b, and 8C are higher magnification

photographs of levitated liquid shells at three different and increasing sound pressure

levels, In addition to flattening the sample, higher sound pressure also increases the size of

the secondary vortices. Figures 8d and 8e are even higher magnification views of the liquid

shell and of the attachcxl  secondary vortices. No visualization of a smaller scale acomtic

boundary layer flow has been obtained. The flow direction of the secondary vortices is

away from the sample along the central axis and toward the sample on the side of the lobes.

The primary streaming field direction is still downwarcl along the central axis and upward

on the outside lobes. Note that the position of the vortices on the upstream side of the

sample is oppc)site  to that found in the classical case of flows past a sphere at intemwdiate

Reynolds number.

The situation is different, however, in the case of a drc)p which requires sound pressure

level of about 165 dB for levitation (R5 = 460). As shown in figure 9a, the secondary
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vortices have now been displaced to the lower half of the sample on the downstream side.

in figure  9b the laser sheet is offset from the center of the drop and intersects the drop and

the attached circulation cells behind the center meridional plane. “l’he three-dimensional

circulation CCIII  is donut-shaped, and it is positioned slightly below the drop equator. The

primary flow clircction  is still the sanw, but the direction in the attached vortices is toward

the sample along the center, and away from the sample on the outer lobe. Although the

velocity of the primary flow due to the standing wave alone has drastically increased

because of the higher sound pressure level  re~uired for the levitation of a droplet, the

circulation velocity in the lower eddies near the drop is not significantly greater than the

upper eddy vellocity  found in the case of much lighter samples such as Styrofoam balls or

liquid shells. Closer inspection of the levitatd  drop reveals a solid body rotation with its

axis directed out of the plane of the photograph, i.e. perpendicular to the acoustic

oscillations and to the flows around the sample. “l’he rotation rate is on the order of 1

revolution pcr second.

These seconda~  vortices are different from the ones described in the preceding section

which appear in an empty chamber at the velocity anti nodes at very high SPL. “J’he

secondary voti.ices  associated with scattering from the sample are generated even at the

lower SP14. ,

The flow fields characteristic of two simultaneously levitated Styrofoam samples at 20.2

kllz are depicted in figure 10 for three different sound pressure levels. In this case, the

riddiating  surface of the ultrasonic driver is a plate 12,7 cm in diameter driven at resonance

with twc) nodal circles, and the primary streaming ftow direction is the opposite of that

obtained at 37 kHz described above. The flow is directed upward along the central axis,

and downward on the sides of the convection cell. The secondary vortices are shown

attached to the lower half of the samples, and the flow direction is away from the samples

along the central axis and toward the samples on the side of the cells. Because of the

presence of two samples positioned a half-wavelength apart above and below the pressure

antinodal plane, the flow configumtion  along that plane is visually well defined, A

stagnation point is on the symmetry axis and appears to coincide with the acoustic pressure

antinode where the flow converges along the central axis (parallel  to the direction of the

acoustic particle motion) and diverges perpendicular to it.

All samples are levitated near or at the acoustic pressure nodal plane (velocity antinodal

plane) in a gaseous environment. Thus all streaming flow configurations visualized with



levitated samples are at or near these planes. Visualization of streaming flows at other

positions, was also carried out by using a mechanically suspended sample. As expected,

the vortices associated with streaming due. to the sample only appeared as the pressure

nodal plane wws approached, The fkst order acoustic velocity vanishes as pressure maxima

(velocity nodes), streaming flow should therefore not be observed when the sample is

moved to these planes.

C. Streaming around locally heated sampl~s

Practical applications of acoustic levitation include the processing of materials which are

spot heated through a focused radiant source~.  The influence of acoustic streaming on

both the tuning of the standing wave and on the forced convective heat transfer motivates

the search for an understanding of the macroscopic morphology of these flow fields.

Previous rescamchcrs  have investigated the influence of sound on the heat transfer

characteristics of heated cylinclers, spheres, and other geon~etries’21-25  as well as the effects

of thcrm~acoustic  streaming on the acoustic radiaticm pressurezb.  Qualitative results of the

flow visualization of streaming flow fields at 25 kHz, around a mechanically held

cylindrical] y shaped thermistor (1.9 mm diam., 6.3S mm lengt}~)  are presented here as

preliminary information on the dynamic behavior of the overall macroscopic flow field. I’he

axis of the thermistor is horizontal and perpendicular to the transducer-reflector axis (i.e.

perpendicular to the sound oscillations). The thermistor is also used as a variable heat

source by establishing a controlled voltage across it, I’he measurements were again carried

OU[ at an ambient temperature of about 23 C,

A quantitative measurement of the effect of an acoustic standing wave on the temperature of

a heated thermistor gives an appreciation of the magnitude of the enhancement in convective

heat transfer from the sample to the environment, Figure 11 is a plot of the thermistor

temperature as a function of the input voltage with and without sound, At the highest initial

thermistor temperature of S74 C, an ultrasonic standing wave at 145 dB (RS = 6.25) will

drop the temperature to 427 C, a decrease of 147 C. Ile total power input to the thermistor

in the presence of the standing wave is 2.4 W, while the power required to reach the same

temperature in the absence of the ultrasounci is 1.6 W. An approximate value for the

additional power dissipated through the standing wave is thus 0.8 W. Because the

thermistor is located at a acoustic velocity antinode  and because of possible interference

from acoustic radiation pressure which might directly transfer momentum to a heated gas



1,

1 2

due to the impedance mismatch, one cannot assign this enhanced power dissipation to

streaming flow effects alone.

The flow pattern for thermo-acoustic  streaming in the Earth gravity field is further

complicated b:y t}~e additional contribution from free convection. Furthermore, the

interaction between the sound field and the thermal environment requires careful tuning of

the acoustic standing wave; slight off-resonance condition will cause flow instability and

oscillations. Tlhe sequence of photographs reproduced in figure 12 illustrates the typical

evolution of thle flow field for an heated thermistor (to 130 C) without sound in the Earth

gravitational 13eld (figure 12a), then with a heated thermistor and an acoustic standing wave

at 150 dB and Rs = 20 (figure 12b), and finally with sound at 155 d]] and Rs = 61 (figure

12c). The input of heat allows the formation of t wo full sets of vortices both above and

below the cylindrical sample. At higher sound pressure, the above/below symmetry

appears to be removed, and the lower eddy pair is stretched outward and split into a pair of

counter-rotating, vortices on each side of the sample. With increasing sound pressure level,

the outside vortex is further stretched away from the sample, and can be shed under off-

resonance condition. Figures 13a through 13d illustrates the periodic instability and vortex

shedding induced by off-resonance ccmditions. The outside vortex  of the lower sets

periodically stretches to the side and cletaches  at a low frequency on the order of 1 ] Iz,

“l-his oscillation and periodic vortex shedding occurs upon slight detuning  of the ultrasonic

standing wave. (by either changing the. drive frequency or by changing the driver reflector

separation dis[ance),  but a smdy-sfatc  regular pattern of vortices attached to the thermistor

can be obtained by accurate retuning, even though the flow in its immediate vicinity appears

disordered and highly turbulent.

Flow visualization with stnokc quickly becomes ineffective as flow velocity and disorder

increase, but tlhc qualitative picture obtained with these experiments clearly indicates a

dramatic increase in convective heat transfer due to thernmacoustic  streaming. Another

clear conclusion which can be drawn from these preliminary results is that the tuning of the

acoustic resonance conditions is precarious, and that it controls the heat transfer

enhancement. A slight dctuning  from rescmance will be amplified by the feedback loop

involving the thermal field, and the resulting flow field will be qualitatively altered.
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in view of the evidence presented above, it is quite c)bvious that in the case of a single axis

levitator the outer streaming flow fields generated by the primary standing wave and the

physical boundaries strongly modify the local streaming flow configuration around a

levitated sample. The superposition of these two flow fields (in addition to that induced by

natural free convection) will control the transport processes betwtxm the sample and its

immediate environment as well m the levitation stability. The resulting flow can therefore

be described in terms of juxtaposition of a set of circulation cells on the scale of the levitator

(in this case on the order of the acoustic wavelength) with a set of vortices on the scale of

the levitated sample. The theoretical understanding of this combination of flows would

require, at least in the first approximation, the successive solution of the various streaming

and free convective flows. Ilis would also have to be done in the presence of a thermal

gradient around the sample in the case of the.rmo-acoustic  streaming. The more recent

theoretical treatn~ents4~7  provide valuable insight on the outer streaming flow and heat

transfer arouncl a sphere imtnersed  in an acoustic field, but they still do not include the

presence of a background streaming flow field. It is possible, however, to derive a partial

qualitative interpretation of the experimental evidence presented above in terms of existing

theoretical understanding. This is the motivation for this section of the paper. J

A. isothermal streaming in an empty chamber

The standing wave existing between the driver and reflector is a necessary condition for the

appearance of steady-state streaming, and the number of half-wavelengths in the standing

wave also determines the number of counter-rotating wldies appearing at higher SPL near

the velocity anltinodes.  This is in contrast to the classical case of streaming in a resonant

channel (or a Kundt’s  tube) where a periodic pattern of counter-rotating eddies alternates

every quarter-wavelength. The present configuration of a free nearly one-dimensional

standing wave unconstrained by side walls appears to be a case exhibiting characteristics

which are a combination of the standard solutions for a free traveling wave and a resonant

channel mentioned above.

According tc~ the experimental results, a reflector with a smaller radius of curvature will

cause the streaming flow to be directed towards the driver along the symmetry axis, while a

larger radius c)f curvature will generate the opposite flow direction. In practice, a smaller
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radius of curvature is used to sharpen the radial acoustic mdiation  restoring force in the

velocity antinodal  planes. This could be viewed a.. an enhancement of the local static

pressure gradient at each velocity antinode.  Streaming flows in a standing wave are

generally directed towards antinodes along the axis of symmetry. If the velocity antinodes

arc more sharply defined close to the reflector because of a smaller radius of curvature, it

seems plausible that the flow could preferentially be directwl towards the axis of symmetry

and away from the reflector along this axis. Preference for a downward flow could be thus

explained. Although plausible, this explanation remains somewhat unsatisfactory, and a

more detailed investigation of streaming flows along curved boundaries normal to a

standing wave is probably required before. this phenomenon can be well understood.

B. Streaming around levitated samples under isothermal conditions,

A straightforward superposition of the primary streaming flow upon the local streaming

circulation around a sample can qualittitively account fen- the experimental observations at

the lower sound pressure levels. According to Lee and Wand , the outer streaming flow

around a sphere right at the velocity antinode  consists of two symmetric pairs of 6ounter-

rotating eddies. These “outer streaming flows” correspond with what we have defined in

this paper as the secondary streaming flows, and they have been thus named in order to

distinguish them from the boundary layer flc>ws w}lich are presumed to be much closer to

the surface of the sample. It is obvious that the superposition of an axisymmetric  larger-

scale vor[ical ilows of the types shown in figures 4a-4c and 5a and 5b with these outer

streaming flows yields resulting flow fields of the type shown in figures 8 and 10

respectively. A downward directed primary streaming flow past a levitated sphere thus

accentuates the upper eddies, creating a stagnation point above the sample, and opposing

the return flow of the lower eddies. An upward directed primary streaming flow will result

in exactly the (opposite  flow morphology. In both cases, the direction of flow (away from

the sample in the direction parallel  to the acoustic oscillations) is still consistent with the

predictions of Lce and Wang for the outer streaming flows.

Such a straightforward inte.rprctation  is no longer available, however, at very high sound

pressure levels when a primary flow field as that shown in figure 4d must be superposed

on the outer streaming flow configuration around a sphere, The sense of rotation of the

eddies shown in figure 9 is towards the sample in the direction parallel to the acoustic
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oscillations, and away from the. sample in the direction perpendicular to the acoustic

oscillations. In this cme, the sample (a liquid droplet) is displaced below the velocity

antinode because. of gravity, and according to Ike and Wang, the upper eddies should be

accentuated. The fidct that experimental obse]-vations  have revealed an exactly opposite

configuration suggests that the primary streaming field plays the dominating role in real

experimental systems. It is not clear how the presence of the sample near a velocity

antinode affects the generation of the counter-rotating eddies found in a standing wave in an

empty chamber. Both a more detailed flow field measurement and a theoretical

understanding of the flows found at high sound pressure levels are needed in order to

explain the flow field morphology as well as the magnitude of the streaming velocity in the

attached eddies in the anomalous case.  shown in figure 9.

The acoustic streaming field around curved surfaces such as cylinders and spheres has been

investigated using boundary layer theory 27-31. The general results have been

experimentally confirmed 32’~~, and the existence of vortices in the acoustic boundary

layer is widely accepted. Figure 14a is a schematic description of the two sets of circulation

cells around a spherical sample placed in an acoustic standing wave. The extent of the

boundary layer vortices is greatly exaggerated (the acoustic boundary layer thickness is on

the order of 10pm at 37 k}lz).  The seconda~y macroscopic circulation attached td a

levitated sample and experimentally observed in this work, is presurncxl  driven by the inner

boundary layer vortices, and any transfer of angular momentum from the fluid to the

sample is controlled by this boundary layer circulaticm  the same way that heat and mass

transfer between sample and fluid are controlled by the mass diffusion and thermal

boundary layers. “1’bus, in addition to the two sets of circulation cells on two different

scales mentioned above, the ccm~plete  description of the sample-fluid interaction should

also include the interaction with a third set of circulation cells on the scale of the acoustic

boundaty layer.

Because of the interaction between the primary and secondary streaming flows it should be

possible to modify the configuration of the boundary layer flow field by controlling the

macroscopic primary streaming flow field. 1/or example, one might attempt to transfer

angular momentum to the levitated sample, i.e. to induce a steady-state torque, by

introducing asymmetry in the distribution of the acoustic boundary layer vortices. This

could be accomplished by translating the sample from the axis of symmetry of the primary

streaming flow field to the region of shear flow. Thus, if a steady-state downward shear

flow is superposed on the field depicted in figure 14a, the opposing flow on top of the
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sample should remove energy from the upper outer streaming flow eddies as well as from

the upper bounc]ary  layer vortices as shown schematically y in figure 14b. The upper pair of

counter-rotating vortices would also lose strength unequal] y because of the gradient in the

velocity field distribution, The lower set of outer streaming eddies would be swept away,

and the boundary layer vortices would also gain strength unequally. The result would then

be weakened upper boundary layer vortices, with the right upper lobe being less affected.

Similarly, t}~e  lower boundary layer vortices would be strengthened, with the lower right

lobe being less affected. The schematic description of figure 14b would suggest the

generation of a torque and rotation of the sample in the clockwise direction.

‘Ilis has been verified at 37 kl Iz with the levitation of low density Styrofoam spheres, and

by the accurate modification of the relative alignment of the driver and reflector, Figure  15

describes the results: a translation of the driver to the left relative to the reflector induces a

clockwise sample rotation, and a translation to the right a counterclockwise rotation. In this

situation, the limited translation ( up to 5 mm) of the driver does not affect the position of

the sample, while the streaming flow field shows a concurrent translation. A translation of

the driver to the left would therefore position the levitated sample in the velocity gradient

zone closer to the nodal point c}f the right eddy of the primary streaming flow (see figure

6). The existence of a steady-state torque vector perpendicular to the direction of acoustic

oscillations has therefore been demonstrated in a single. axis levitator. The careful

observation of higher density levitated liquid drops has also revealed rotation with the

angular velocii.y  vector directed perpendicular to the acoustic wave propagation.

‘1’hese observations are therefore consistent with the suggestion that acoustic strcanling-

inducect  flows in an axisymmetric system can introduce a steady-state torque on a levitated

sample when symmetry in the spatial distribution of the outer streaming flow field around a

sp}m-ical  samp]e is removed by a background flow field. A corollary question more

relevant to practical applications of acoustic positioning, is whether the conditions of

symmetry can ever be fulfilled in order to avoid the generation of extraneous torque.

C. Streaming around locally heated samples

Even at lower ,scnmd pressure level t}m themm-acoustic  streaming flow field reveals itself to

be quite complex. This is partially due to the additional convective circulation introductxt by

the gravitational field. A qualitative change in the flow field configuration is dramatically
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illustrated by the splitting of the lower set of eddies, the stretching of the outermost eddy,

and the vortex shedding upon oscillation of the acoustic field, Such a transition to different

flow regimes has been found by other workers 25 at lower frequency (1 kHz): laminar to

vortex shedding to turbulent regime transitions as the sound pressure increases have been

documented experimentally using holographic interferornetry and heat transfer parameter

correlation. 1 n our case, the transition to the vortex shedding regime is obtained only under

specific acoustic tuning conditions.

A rough comparison between the heat transfer measurements obtaind  in this work with the

theoretical approach of Gopinath  and Mills ~ can only be carried out for the lower

temperature results since their results have been derived under this assumption. With a
temperature difference of AT == 130 C between the thermistor and its environment, the

power input was Q = 0.199 W, For a sound pressure level of 145 dB, the streaming

Reynolds number R~ is 6.5. Assuming the thermistor is isothermal, the average heat

transfer coefficient h can be calculatwl  for a cylinder of radius a and length 1. with
h = Q / 2naLAT.  The Nusselt number Nu can then be calculated using Nu = 2ha / K,

based on the tlhcrmistor radius and where K is the air thermal conductivity. Using the

correlation suggested in reference 6, the coefficient C = Nu / (Rs)l~ is calculated to be

1.17. ‘I’he relevant theoretical result derived for large streaming Reynolds numbdr  is 1.10.

Using our results  for AT== 427 C, however, yields a coefficient C = 4.3. A satisfactory

agreement is obtained for relatively low sound pressure level and small lernperature
d~fcrence  although the experimental streaming Reynolds number is only equal to 6.5.

SUMMARY

We have reported the results of acoustic streaming flow visualization characteristic of

ultrasonic levitators operating in the Rarth gravitational field. In addition to the relevance of

streaming to practical applications of acoustic levitation, the interesting properties of these

flows are of fundamental interest in themselves, ancl we hope to provide the motivation for

theoretical ur~dcrtakings directed towards this subject.

The isothermal streaming flow field in a closed chamber with an ultrasonic sound source

facing a reflector initially takes on the appearance of fairly symmetrical and laminar primary

convection cells on the spatial scale of the sound wavelength at low sound pressure. It

displays, however, fine structures in the form of imbedded  eddies separated by a half-
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wavelength and centered on velocity antinodes at higher sound pressure. The sense of

rotation of these primary cells appears to depend on the geometry of the levitator. As the

sound pressure is further incremxl,  the flow field takes on a disordered and seemingly

turbulent appearance with oscillations detected for specific acoustic settings.

When samples are levitated, the prima~  circulation combines with the secondary streaming

attached to the samples and having spatial dimension on the scale of the sample size. At

lower sound pressure, a simple superposition of the two flows appears to qualitatively

explain the morphology of the resulting flow. At higher sound pressure this is not

sufficient because the interaction of different eddies is not straightforward to analyze, and

more detailed experimental and theoretical studies are required for an understanding of

these phenomena, A simple qualitative model of the interaction of the different streaming

flows at the lo~wer sound pressures suggests the generation of a steady-state, flow-induced

torque on the levitated sample when perfect symmetry is no longer present.

‘l’he streaming flows around a heated sample placed in an isothermal environment have also

been visualimd  and the modification in the heat transfer characteristics by the sound field

has been cursorily examined, It appears t}~at the low temperature measurement obtained in

this work is in agreement with results of computations by Gopinath  and Mills for’small

temperature difference. Existing evidence of substantial acoustic enhancement of heat

transfer processes has been confimwd by the fluid flow and heat transfer process observed

here.
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l~IGURE  CAPTIONS

l’igure  1.

Schematic representation of the experimental apparatus. An ultrasonic single-axis levitator

consisting of a driver and a reflector generates a standing wave between the driver-reflector

gap. A streaming flow field incluced  by the high intensity acoustics can bc visualized by

illuminating entrained smoke particles. The flow pattern is rworded  through a video camera

(not shown).

Figure 2.

Plots of the measured sound pressure profiles in the vertical (a) and lateral direction (b).

‘l’he voltage output of the microphone is plotted as a function of the distance from the

radiating face of the ultrasonic driver (a) or as a function of the lateral distance accross the.

radiating face (b). The results of the measurement of the lateral profile in figure 1 b has been

obtained at a plane near the velocity antinodal (pressure nodal) pIane. ~“hese  particular

measurements have been obtained with the use of a 12.7 cm diameter radiating plate, but

the pressure distribution is qualitatively similar for radiating plates of other geometries.

Figure 3.

Close-up photograph of a 37 kllz levitator. Shown arc the cylindrically-shaped radiating tip

(1.9 cm diam.), a spheroidally-shaped levitated liquid drop (about 0.2 cm diam.), and the

reflector (3. 1’75 cm diam.).

Figure 4.

Photographs of smoke streaklines in a 37 k] IZ levitator at 145 dB (a), 155 dB (b), 158 dB

(c), and 165 dB (d). The laser light sheet (0.5 mm thick) is positioned in a meridional

plane of the axisymmetric  flow pattern. Only shown are the main lobes of the circulation

cells. These lobes grow wider with increasing sound pressure. At the highest SPI. the

streamlines are distorted and embedded sets of counter-rotating vortices appear near the

velocity antirmdes  (d). The direction of the circulation is counterclockwise for the right

main circulation cell with the direction of the flow downward along the central symmetry
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axis. The circulation direction of the left main cell is symmetric m the rig}]t lobe circulation

with respect to the central axis.

Figure S.

Photographs of circulation patterns in a 25 kHz ultrasonic levitator at 147 dIl (a) and 154

dB (b). The circulation direction is clockwise for the right main lobe. Upon slight dctuning

in frequency of the driver, the circulation direction in the center of the levitator is reversed.

An additional set of circulation cells is inserted with flow directed downward along the

centml axis of symmetry.

Figure  6.

Experimental results of the one dimensional streaming velocity measurement in a 37 kl IZ

levitator. The measurement was carried out with a laboratory-built laser Doppler

velocimeter for the right circulation lobe at 145 dB (see figure 4a). The velocity was

measured in a fixed horiumta] plane as a function of the distance from the central axis of

symmetry. The curve drawn through the data points is just a least square fit. The velocity

maximum at the center, and continuously decreases to zero with radial distance ffom the

center until the point of flow reversal is reached.

IJigure 7.

is

Photograph of flow patterns around a 2nm~ diameter levitated Styrofoam sample at 37 kllz.

I’he primary circulation ceils are still visible, and attached secondary eddies can be faintly

seen on the upper half of the levitated sample.

Figure 8.

Photographs of higher magnification views of a levitated of 3 mm diameter liquid shell at

37 kl lz. ‘l%e attached secondary eddies grow in extent, and the sample is flattened as the

the sound pressure level is increased (a to c). The secondary circulation cells are counter-

rotating, and the streaming velocity is directed awfiy from the liquid shell along the central

axis. An even higher magnification view of the attached vortices is shown in figures 8d and

8e.
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Figure 9.

Photographs of streaming flow pattern around a 2 mm diameter levitated drop at 37 k}lz.

The at[ached  eddies have moved to the lower half of the drop even though the direction of

the primary cell] circulation has not changed, The laser sheet is positioned at the center

meridional plane of the drop in a, but it is trttnslated behind this plane in b.

Figure  10.

Photographs o:f the flow pattern in a 20.2 kl Iz, levitator without a levitated sample (a),

with two 2 mm diameter Styrofoam balls at increasing sound pressure level (b to d).

and

“1’he primary circulation direction is now clockwise in the right lobe with upwardly directed

velocity along the central axis c)f symmetry. The attached secondary eddies are situated at

the lower half of both of the levitated samples. A su~gnation point is clearly visible between

the twc~ spheres in the, vicinity of the pressure antinodal plane.

Figure  11.

Plot of thermistor temperature as a function of input voltage in the absence of ultrasound

(*) and with acoustic drive at 14S d13 (0). The thermistor is ustxl as a heater, and the effect
of streaming can be measured by the temperature decrease for each voltage setting,

I~igurc  12.

Air flow patterns around a heated cylindrically shaped thermistor (1.9 mm in diameter and

6.35 mm long) in free convection without ultrasound (a), with a standing wave at 150 d13

(b), and finally with acoustics on at 155 dli(c). In this particular case the primary streaming

flow cells in the absence of the sample are directed downward along the ccntml axis, i.e. an

unheated sample would display streaming-induced circulation cells on the lower half of its

cross-section,

Figure 13.

Photographs of streaming flow patterns around a heated cylindrically-shaptxt  thermistor at

various stages of the vortex shedding instability. ‘I’he. sequence (a)-(c) depicts the stretching

of the lower vortex pairs (a and b) and the shedding of the outermost cell. The last



Expanding
lens

) u
/

Illuminated streamhg
flow vortices 1

Illadiating  tip

~.. . . .
pm&wwMwMw-

Ultrasonic driver

l~igure  1 ,

Mlenladc  rcpesentrificrn  of [tie cxpcrinwn [al appal atus, An ultrasonic sinf,le- axis lcvi~ator

consisting of a driver and a rcffc.qor  gencra[e.s  a s(andi[l~,  wave bctwwn h driver-reflw[or
fiap. A stlean]in~  flov, frcld indl]ti  by (tic lli~tl  inknsi(y acous(ics  can  be visllalized by
illlmirla[in~  entrained  sn~o~e  pauiclc.s,  ‘I1lc flour pattern  is rmordti ~l~~ou~ll  a vi&o can~ra

“ (not Stlowul).



600

500

4(KI

300

200

Z-AXIS PRE’SSURE PROFILE

100

0

●

●

●

●

●

●

2.5 5 7.5 10 12.5 1)

POSITION (mm)

a

b

b T
●

b
●

b ●
● ●

●
b

1.0 -- ●
●

i

.0
●

● a

..-_. _–_..l.-_.  ..__ l_... ._ _._J.__ —___ l__.__.____J___  ____ . ..1..... j _+
0.0 0.1 0.2 0.3 f).4 o.~ o~ o~. .

X (cm) \

1’10[s of lhc mcasmxl  soLInrf pressure profiks in the  vertical (a) and  latcl-al  tiircc[ion (b).

l’lIc Volta&c oLItj)LIt  of IIIC rlliclo}]}lc)nc is plot[ul as a furlc{ion of tlIc clislriwc flom IIlc

mdiating faccofttlc []l(rasor]ic drivcr(a)ol  asaf~tl]c[icjrloftlic lateral dis[arlcc accrclss[llc

radialiIlg faCC(b). 'I'tlCrCSLl]tS  OfttlC.  IllCaSLlrCII)Crl{ Oftl]ClatCIii] prOhl Cin fi~UrC  ]bhflStxXll

obtaitld  ata~Jlarlc llcartlle. vclcw.ily arltirldal  (]) Ic.ssL]lc  ndal)]>lar]c .’I’llcsc IJ;il-[ick]lar
rl~c,astlrcrl~c. t][slia\,c bwr]obtair~d  w,itllttlct]sc ofa 12,7 c[l~cliar~~c[cr radia[in:, l~la~c, but

lllC]]r CSsLrrc  distribL]tiot] isq\]alitativc.ly sirl}ilar for radiatirlg  p]atesof  oll]crgcorl~ctrics.





a

b

c

cl



1

c

ii



4

3

2

1

——--— —----~.—.-..——.–7–_.._...___  .T_.._.

———  —-—. —-l——_.._–__.—l__..---- . . ..~
2 4 6

X (mm)

l!xlmrime.ntal results of the one dimcmional smcaming velocity n~easure.rncn[ in a 37 kl 17

lcvila[or. The mc.asmemcnt was earl  icd out wi[h a lrikrlatory-built  laser lhpple.r

vclocimctc.r for die ri~lll  circulation lotx. a[ ld5 cl})  (see figure  4a). ‘Ihc velocity was

mcawed in a fixed ho[izorr[al  plane as a fonc[ion of the dis[ancc from IIIC central axis of

symmetry. I’hc corw  drawn through IIIC da[a poin(s is just a least sqoare tit. “1’hc  velocity is

maximum at the center, and continuously dc.cI-e.ascs ICI mro with radial dislance fIcm~ the

c:ntcr  until  the point of flow reversal is rcachcd.

8



I



,1

Tic-c- . /)’



,!,



, ,,,



t ,,,

f-;g, ) o



zt-

loo .._–-

*

600 -0

500 -

400 --

300 ‘ -

200 -

SOUND

SOUND

._ ACOUSTIC ~OOLING

0[[’

ON

-.

-x.

-x.

o

0

x. .

0

100

1oo_ +.-__. . ..fo_-_.–-15_______l_..._l..  _.L_____l
20 25 30

THERMISTOR VO1.TAGE  (V)

P1OL  of lhcmislor  Iempcraturc as a function of input voltage in the abscncc of Lrlt[asouncl

(“) and wilh acouslic drive a[ 145 d}] (o). ‘J’he themistol  is used as a heater, and the ef(cc[

of streaming can be measured by the ten]permrc  dc.c[emc for wch voltage setting.



b

c.



c1

CJ



14.

Schematic dcscl iptiorl of the dvxrrctical

Acoustic c)stillations

I 4

sphere using exisling  mode.ls (a). in (b) a rcc[ilincar shear flow  is SUpCq)OSe~  on [11~  field /

of (a), and an intclp].ctation  of the resulting flow field is suggested, l]ccausc of t}lc Vclmity
gradient in the additional flow, both the oulcr vorlical as WCII as the boundary layer flo~,s

Brc affected urrcqually.  “1’his could ~ivc rise to the loss of axial syn~tnctry  and  thc gc[)crd[iol)

Of  8 SICady-slalc  torque on tlIc sample. In this particular case, a clmkw,isc  ro[ati On of I},c
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Sclm]la[ic dcscl ip[ion of the obsm-vcd  torque f,cncmtion  ]JvmoIImIIon in a sing]c axis

ul[[-asonic  levitator. As the. dl ivcr and rc.flmlor- arc aligned with rcspcc[ to each o[hcr, the

sample and the primary flow cells arc symmch ically positioned, and a Icvita[cd  S[yrofoam

sample is not rotating. As the driver is displaced to the lc.ft with respect to the rcftector, (IIC

samp]c remains Iockcd to the rcflccior, bLIt [he. flc)w CCHS shift in unison v,,i[h the drivel. A
rcsoltirrr, cbckwisc  rota[ion (the angular velocity vcc[or is dilcctcd into the page) is

observed. The oppcssitc  rotation is obsc.rvcd as the. drivel is shifted to the right of the
rcflccloI.


